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Mini-Review

Biological responses to UV radiation have been studied for a 
long time, almost since the discovery of this shortwave type of 
electromagnetic radiation, in the following abbreviated as UV. 
For a long time the investigations were focused on the responses 
to UV-C radiation, which comprises the wavelength range from 
X-rays to 280 nm (1 nm = 1 nanometer = 10-9 m). This kind of 
radiation is not present in daylight, but is easily generated in 
the laboratory. Recently, more interest has been paid to the UV 
components of daylight, and in particular to UV-B (280 to 315 
nm wavelength). The main reason for this interest has been the 
thinning of the stratospheric ozone layer that took place from 
about 1970 till about 2000, due to pollution of the atmosphere 
by halogen compounds and nitrogen oxides. This thinning 
caused an increase of UV-B radiation except near the equator, 
and in particular at high latitudes.1

Many reviews have been written on this topic, and the United 
Nations Environmental Program (UNEP) has published regular 
reports. The latest full report of the UNEP panel for assessment 
of environmental effects (Environmental effects of ozone deple-
tion and its interactions with climate change: 2010 Assessment) 
can be downloaded from www.ozone.unep.org/Assessment_
Panels/, where also other reports related to ozone depletion are 
available. Information for the general public2 is also available at 
this web page.

The interest of politicians, who have had to take actions to 
protect the stratospheric ozone, has focused on health issues, the 
effects on fisheries and agriculture, and on primary production 
in ecosystems. As explained more fully in the above-mentioned 
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Daylight UV-B (UV-B) radiation (280–315 nm) is, because of its 
photochemical effects and potential destructive impact, an 
important environmental factor for plants. After decades of 
fruitless attempts, a receptor molecule, UVR8, for sensing of 
ambient UV-B radiation by plants has been characterized, and 
the initial steps in signal transduction have been identified. 
There are, however, other signaling pathways, and there are 
apparent contradictions in the literature. There is still much 
to find out about the complex signaling network in plants 
for processing of information about the daylight surrounding 
them.
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UNEP report, it has been found that in the year 2000 at high 
latitudes the decrease in dry matter accumulation in land plants 
due to ozone depletion was up to 6%. The corresponding value 
for the whole Earth is much less (Rozema et al. in preparation).

DNA Damage and Repair

One of the main molecular ‘targets’ in cells, which are hit by 
UV radiation and can be damaged is DNA, but destruction is 
to some extent compensated by repair. Because ozone depletion 
has been most severe at high latitudes, where temperatures are 
low, an important question is to what extent repair can proceed 
at low temperature. We found that one kind of damage called 
CPD is repaired almost equally fast at 12°C as at 24°C, but only 
very slowly at 0°C.3-5 Repair of another kind of damage to DNA, 
called 6-4 photoproducts,4-6 was considerably slower already at 
12°C as compared with at 24°C. An unexpected result is that, 
in addition, the damage process under UV-B radiation in these 
cells was more rapid at 24°C as compared with at 0°C. This dif-
ference was not found if the damage was inflicted by UV-C radi-
ation. There are also other, less frequent, kinds of DNA damage 
caused by UV-B radiation, and other repair mechanisms.

UV-B Perception and Regulatory Mechanisms

For a long time it has been known that UV-B radiation induces 
effects in plants which cannot be classified as damage. Probably 
the most studied of these effects is induction of flavonoid syn-
thesis, but also, e.g., the ability to carry out the DNA repair 
mentioned above is stimulated by irradiation with low-level 
UV-B, and many effects on gene activities and growth, second-
ary metabolism and developmental processes have been noted. 
It has therefore been understood that plants possess systems for 
perception of UV-B, just as blue and violet light is sensed by 
phototropin and by cryptochromes, and red and far-red light is 
sensed by phytochromes. That more than one system is involved 
is evident on spectral grounds as well as based on evidence from 
molecular biology (see below).

We shall in the following paragraphs focus on recent informa-
tion about these regulatory effects, on the perception of UV-B 
radiation by the plant, and on the signal transduction pathways 
involved. Signaling can, in fact, be induced by DNA damage. 
One example of this is the inhibition of cell cycle progression 
and of cell division that is induced by UV, and which gives cells 
time to repair damage to DNA before it is duplicated.6 Another 
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HY5 functions as a positive regulator in both light and UV-B 
signaling. It is activated by accumulation of COP1 in response 
to UV-B,16 contrasting to the release of its function by degra-
dation of COP1 under white light.14 HY5 plays an important 
role in UV-B signaling.18 It is transcriptionally activated in an 
UVR8- and COP1-dependent manner15 and its activation trig-
gers the expression of a subset of UV-B-induced genes, including 
those associated with UV-B tolerance.18

Beside the two positive regulators downstream of UVR8, 
another two groups of factors, RUP1/2 and BBX24/STO that 
were discovered recently, are believed to fine-tune the UV-B 
responses by means of feedback regulation.19,20 Both RUPs and 
COP1 proteins contain the conserved WD40 domain, which 
is responsible for the interaction of RUPs and COP1 with 
UVR8.19 However, unlike COP1, RUPs negatively regulate 
UV-B responses as the rup1 rup2 double mutant was found to be 
extremely sensitive to UV-B radiation.19 Moreover, this hyper-
sensitivity largely depends on the functional UVR8 and HY5 
protein, which is consistent with the evidence that UV-B induced 
the expression of RUP1 and RUP2 is in an UVR8-, COP1- and 
HY5-dependent manner.19 Though RUPs are believed to act in 
a negative feedback loop downstream of UVR8-COP1, it is yet 
unknown how the UVR8-RUP interaction results in the repres-
sion of UV-B responses.

Recently we identified a new negative factor of UV-B signal-
ing, BBX24/STO, through characterization of the Arabidopsis 
bbx24/sto mutant for its responses to UV-B.20 BBX24/STO 
was originally found to confer salt tolerance in yeast,21 but later 
found to negatively regulate light signaling in Arabidopsis.22 
The bbx24/sto mutant is hypersensitive to all light conditions 
including UV-B, suggesting a negative role of BBX24/STO 
in these light responses. However, the underlying molecular 
mechanisms appear to be very different. For example, COP1 
is believed to mediate BBX24 degradation in darkness through 
the 26S proteasome pathway, but move away from nuclei upon 
light exposure.23 However, COP1 is stabilized by UV-B treat-
ment and physically interacts with BBX24 in vivo, which leads 
to the accumulation of BBX24 under UV-B.20 Furthermore, our 
genetic analyses demonstrate that BBX24, at least partly, func-
tions downstream of COP1 in UV-B signaling, as the response 
of cop1-4 is remarkably suppressed by bbx24,20 and cop1-4 is a 
null mutant in UV-B signaling.

BBX24 also interacts with HY5, both biochemically and 
genetically.20 We have demonstrated that BBX24 acts antago-
nistically with HY5 in UV-B signaling by attenuating UV-B-
induced HY5 accumulation and transcriptional activity, leading 
to the repression of UV-B responses.20 Based on these findings, 
we propose that BBX24 is a new negative regulator of photomor-
phogenetic UV-B response that may function as a key component 
of the feedback regulatory module in UV-B signaling. Whether 
RCD1 also plays a role in this feedback regulatory module is to 
be determined, since BBX24 was shown earlier to interact with 
RCD1 (RADICAL-INDUCED CELL DEATH1).

In conclusion, our knowledge on plant UV-B responses has 
been greatly advanced by recent identification of several impor-
tant signaling components. Briefly, in the presence of UV-B, the 

example is induction of coumestrol synthesis in Phaseolus vul-
garis.7 Transduction of UV signals can also take place via vari-
ous pathways involving reactive oxygen species (ROS) and/or 
nitrogen monoxide (NO). Here we will focus on signaling by the 
newly characterized UV-B receptor UVR8.

Molecular Characterization of the UVR8 Protein

A review of UVR8 was published by Jenkins,8 and since then 
there has been rapid progress.9-12 The UVR8 protein in the non-
irradiated state is a cytosol-localized homodimer with a large 
number of aromatic amino acid residues: Fourteen tryptophans, 
6 phenylalanines and 4 tyrosines.10 Eighteen of the 24 aromatic 
residues are located at the contact surface between the mono-
mers, which consist of only charged aromatic residues. The 
monomers are held together by hydrogen-bonded salt bridges 
especially between arginine 286 (+) and aspartic acid 107 (-), 
and between arginine 146 (+) and glutamine 182 (-), but there 
are additional salt bridges as well. When a photon of UV radia-
tion is absorbed by an aromatic amino acid the charges are 
redistributed and the protein monomerizes. Tryptophans 285 
and 233 have been found to be particularly important for this 
process.10-12

Once the protein has been split into monomers it is rapidly 
translocated to the nucleus and binds to COP1 protein (see 
below), a process followed by activation or inactivation of a great 
number of genes.10-12

Molecular Signaling Downstream of UVR8

In the past few years, significant progress has been made in 
understanding of the signaling mechanisms of plant UV-B 
responses, particularly the low-fluence UV-B-induced pho-
tomorphogenesis. In addition to UVR8, several downstream 
components have also been discovered. These include COP1 
(CONSTITUTIVELY PHOTOMORPHOGENIC1) and 
HY5 (ELONGATED HYPOCOTYL 5), which positively 
regulate the UV-B signaling, RUP1/2 (REPRESSOR OF UV-B 
PHOTOMORPHOGENSIS1/2) and BBX24/STO (B-BOX 
ZINC FINGER PROTEIN24/SALT TOLERANCE) that 
negatively modulate the photomorphogenic UV-B responses.

COP1 is a key signaling component of plant responses to 
light and negatively regulates light signaling by functioning as 
an ubiquitin E3 ligase.13 It represses photomorphogensis in dark-
ness by degrading positive light-responsive transcription factors 
(such as HY5), and releases its suppression function by moving 
out of nuclei upon light illumination.14 By contrast, COP1 is 
stabilized and accumulated after UV-B exposure in an UVR8-
dependent manner, resulting in the inhibition of degradation 
of the HY5 transcription factor.15 Thus, COP1 is regarded as 
a positive regulator in UV-B signaling, and the function of E3 
ubiquitin ligase may be compromised by UV-B.16 This notion 
is supported by the recent observation that COP1 is constantly 
accumulated in white light supplemented with UV-B, sug-
gesting that COP1 is located in the nuclei under natural light 
conditions.17



www.landesbioscience.com	 Plant Signaling & Behavior	 1001

process) showed a main peak near 280 nm and a smaller peak 
near 300 nm (uncertainty around ±5 nm). In contrast to this, 
an absorption spectrum (Sup. information of Christie et al.) for 
purified UVR8 protein has a single UV-B maximum at 280 nm 
and two small shoulders, resulting in a much broader absorp-
tion around 280 nm. A theoretical (modeled) spectrum by Wu 
et al. is displaced to shorter wavelengths and has two maxima, 
as has the experimental action spectrum. Wu et al. comment 
their spectrum thus: “Taking also into account the 35–40 nm 
blue-shift at the current level of theory, for a single Trp residue 
relative to experiments, the two peaks seen for the full cluster 

homodimeric UVR8 is converted to the active mono-
mer form, resulting in its interaction with COP1. The 
COP1-UVR8 interaction stabilizes and activates HY5, 
leading to UV-B regulated gene expression and other 
responses such as photomorphogenesis. These UV-B 
responses are fine-tuned by a set of negative regulators, 
including BBX24/STO, RCD1 and RUP1/2. These dif-
ferent factors highlight a signaling cascade that medi-
ates plant UV-B responses. However, compared with 
the large number of regulators in light signaling, the 
number of identified components in the UV-B pathway 
is very small. To identify more signaling components in 
the UV-B pathway, more diversified approaches will be 
required in future studies.

Spectral Considerations

As we can see from Table 1, initiation of coumestrol syn-
thesis24 and closing of stomata,26 as well as production of 
hydrogen peroxide by irradiation of protein25 have action 
spectra with peaks in the UV-C region, but they have 
high effectiveness also in the adjacent UV-B part of the 
spectrum.

We shall now turn to those processes in the remaining 
parts of Table 1, which have action peaks in the UV-B band. We 
can see that peak wavelengths are scattered over almost all this 
band. Despite all the difficulties associated with in vivo action 
spectroscopy this range is much wider than experimental uncer-
tainty. We can therefore be almost certain that more than one 
photoreceptor, not only UVR8, is involved in the capture of the 
radiation signal.

The spectral properties of the UVR8 receptor are still a 
bit uncertain. An experimental action spectrum37 (Fig. 1) for 
HY5 transcript accumulation (regarded as a UVR8 dependent 

Table 1. Processes in plants that can be initiated by UV-B

Process Species Peak wavel., nm Reference

coumestrol synthesis Phaseolus vulgaris < 270 24

H2O2 production in vitro horse polyIgG in vitro 275 25

stomatal closing Eragrostis tef 275 26

anthocyanin formation Daucus carota 280 27

CHS gene transcription Daucus carota 280 and > 330 28

PAL gene transcription Daucus carota 280 29

cotyledon curling Brassica napus 285 30

MEB5.2 and LHCB1*3 regulation Arabidopsis thaliana ~285 31

PAL gene transcription Daucus carota 290 28

growth inhibition A. thaliana 290 32

anthocyanin formation Zea mays 294 33

flavonoid accumulation Petroselinum hortense 294 34

CHS and PDX1.3 regulation A. thaliana ~300 31

anthocyanin formation Sorghum bicolor 302 35

CsPHR transcription Cucumis sativus 310 36

CsPHR promoter activation Cucumis sativus 310 36

Figure 1. UVR8 action spectrum,37 dotted, UVR8 absorption spectrum,10 solid 
line and a modeled spectrum for UVR8,12 dashed.
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but tryptophans 285 are thought to have a special role in photore-
ception.10 This disagreement between absorbing and photofunc-
tionally active amino acids could be thought of as an explanation 
for the difference between UVR8 absorption and action spec-
tra, but this is not supported by the physiological action spectra. 
Neither is it supported by an attempt to decompose the absorption 
in components.

Green fluorescent protein has a chromophore containing one 
ring from a tyrosine residue, and one ring formed by a reaction 
between a glycine and a serine residue.38 The native green fluores-
cent protein can be modified in various ways to produce a range 
of spectra. Perhaps minor variations in UVR8 protein structure 
can also produce spectral variations that could account for action 
spectra peaking at 300 nm and greater wavelengths.
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are predicted to appear at approximately 275 and 300 nm, in 
very good agreement with that seen in the action spectrum of 
UVR8 dependent UV-B stimulation of HY5 transcription in A. 
thaliana leaves”.

One gets the impression that the absorption spectrum is some 
combination of original and wavelength-shifted action spectra, 
although we have not been able to verify this by a combination 
of only two spectra. It is not quite clear if the absorption spec-
trum of UVR8 published by Christie et al. in the Supplemental 
material refers to the monomer or the dimer. The experimental 
description suggests the dimer, but perhaps it is a combination 
of the two.

The absorption spectrum of Christie et al. agrees better than 
the action spectrum of Brown et al.37 with in vivo action spec-
tra for anthocyanin accumulation in carrot27 and for induction 
of PAL (phenyl ammonia lyase) promoter activity in carrot29 
(Fig. 2). Also the action spectrum for accumulation of flavonoids 
in Petroselinum34 is single peaked, but more narrow than the spec-
trum by Brown et al.37 and displaced 14 nm to longer wavelengths. 
The spectrum for anthocyanin accumulation in leaves of Zea mays33 
is single peaked, but more narrow than the spectrum of Brown 
et al.37 which is slightly two-peaked, but the minimum between 
the peaks is hardly significant. We regard all these action spectra 
related to the flavonoid pathway as compatible with the UVR8 
absorption spectrum, although there seems to be some inactive 
absorption by UVR8 on the short-wavelength side. Possibly this 
latter divergence is in part due to internal screening in the plant, 
but this explanation is unlikely for the Petroselinum cell culture.34

One must not take for granted that UVR8 is the photorecep-
tor in all cases of UV-B signaling to this pathway. As we can see 
from Table 1 the action maximum for induction of anthocyanin 
accumulation in Sorghum35 is 302 nm. This corresponds to the 
long-wavelength peak in the spectrum Brown et al.37 and the 
short-wavelength peak could be hidden by screening pigments.

On the other hand, several processes not related to the flavo-
noid pathway also have action spectra compatible with UVR8 
absorption, i.e., cotyledon curling in Brassica napus,30 growth 
inhibition in Arabidopsis thaliana,32 regulation of MEB5.2 and 
LHCB1*3 genes.31

The search for the UV-B receptors for the processes on the last 
four lines of Table 1 must continue. They are most likely outside 
the range for UVR8. UVR8 is unique among known photorecep-
tors in that it does not contain a non-amino acid chromophore. 
This property has certainly contributed to the delay in the char-
acterization of this receptor molecule. It is also a property that 
reminds us of the yellow fluorescent protein38 and similar proteins 
of animal origin. The UV-B absorption band of UVR8 is due to 
14 tryptophan, 6 phenylalanine and 4 tyrosine residues per dimer, 

Figure 2. Comparison of the UVR8 absorption spectrum,10 solid line, 
with action spectra for anthocyanin accumulation in carrot,27 dashed, 
and for induction of PAL transcription,28 dotted.
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